We are proposing FORCE (Focusing On Relativistic universe and Cosmic Evolution) as a future Japan-lead Xray observatory to be launched in the mid 2020s. Hitomi (ASTRO-H) possesses a suite of sensitive instruments enabling the highest energy-resolution spectroscopy in soft X-ray band, a broadband X-ray imaging spectroscopy in soft and hard X-ray bands, and further high energy coverage up to soft gamma-ray band. FORCE is the direct successor to the broadband X-ray imaging spectroscopy aspect of Hitomi (ASTRO-H) with significantly higher angular resolution. The current design of FORCE defines energy band pass of 1-80 keV with angular resolution of < 15 in half-power diameter, achieving a 10 times higher sensitivity above 10 keV compared to any previous missions with simultaneous soft X-ray coverage. Our primary scientific objective is to trace the cosmic formation history by searching for "missing black holes" in various mass-scales: "buried supermassive black holes (SMBHs)" (> 10 4 M ) residing in the center of galaxies in a cosmological distance, "intermediate-mass black holes" (10 2 -10 4 M ) acting as the possible seeds from which SMBHs grow, and "orphan stellar-mass black holes" (< 10 2 M ) without companion in our Galaxy. In addition to these missing BHs, hunting for the nature of relativistic particles at various astrophysical shocks is also in our scope, utilizing the broadband X-ray coverage with high angular-resolution. FORCE are going to open a new era in these fields. The satellite is proposed to be launched with the Epsilon vehicle that is a Japanese current solid-fuel rocket. FORCE carries three identical pairs of Super-mirror and wide-band X-ray detector. The focal length is currently planned to be 10 m. The silicon mirror with multi-layer coating is our primary choice to achieve lightweight, good angular optics. The detector is a descendant of hard X-ray imager onboard Hitomi (ASTRO-H) replacing its silicon strip detector with SOI-CMOS silicon pixel detector, allowing an extension of the low energy threshold down to 1 keV or even less.
INTRODUCTION
X-rays are the lowest-energy and longest-wavelength radiation in the high-energy domain. The wave nature of Xrays allows us to practically apply reflective optics for astronomy to focus and image them onto a small detector. This characteristics is directly related to the great advantages of X-ray astronomy: increasing in sensitivity with high signal-to-noise ratio and determining precise location and morphology of high-energy celestial objects. The use of grazing-incidence mirror for X-ray astronomy was investigated even prior to the discovery of the first extra-solar X-ray source.
1 Since the critical angle of grazing incidence increases with increasing wavelength, application of focusing mirror optics preceded in the soft X-ray band mostly below 4 keV. [2] [3] [4] Extension of the upper energy bound, namely increase in reflecting area with smaller grazing angle, was realized up to 10 keV by nesting a large number of reflectors confocally [5] [6] [7] [8] and/or making a focal length longer. 9, 10 These mirrors focusing X-rays below 10 keV are all single-layer reflection mirrors. Focusing hard X-rays above 10 keV within a limit of focal length achievable in a single payload requires a depth-graded multilayer coating to introduce Bragg reflection. Such a "supermirror" installed in a full telescope shape was first launched in the InFOCμS balloon experiment. [11] [12] [13] Then NuSTAR is the first hard-X-ray-dedicated satellite mission to utilize the supermirror optics, 14, 15 and Hitomi, formerly called ASTRO-H, has followed the success of NuSTAR by imaging hard X-ray views of astronomical sources on-orbit.
16, 17
The hard X-ray imaging spectroscopy is highly sensitive probe to non-thermal emission, such as synchrotron radiation, Compton scattering, and nuclear γ-ray lines, from high-energy objects. Although this new probe alone is powerful, a simultaneous coverage on the soft X-ray band significantly enhances its ability considering the broadband and time-variable nature of non-thermal emission. This applies especially to sources in which several emission components operate. A number of NuSTAR and XMM-Newton/Suzaku joint observations actually demonstrate the utility of the simultaneous broadband coverage. [18] [19] [20] Hitomi realizes the broadband response carrying independent, soft-and hard-X-ray-imaging systems. 21 However, since suppermirrors focus not only hard X-rays but also soft X-rays, if a single focal plane detector could have the broadband response, a combination of a supermirror and such a "superdetector" would also realize the utility and enable large effective area with limited resources.
Here, we introduce the Focusing On Relativistic universe and Cosmic Evolution (FORCE) mission. FORCE is a concept for a ISAS/JAXA medium-class mission proposed to be launched in the middle of 2020s. FORCE provides a broadband X-ray imaging spectroscopy in the 1-80 keV with angular resolution of < 15 in halfpower diameter (HPD), achieving a 10 times higher sensitivity above 10 keV compared to previous missions with simultaneous soft X-ray coverage. In this paper, we describe the scientific objectives and requirements, and the current mission overview of FORCE.
SCIENTIFIC OBJECTIVES AND REQUIREMENTS
Our primary scientific objective is to trace the cosmic formation history by searching for "missing black holes" in various mass-scales. The missing black holes we define includes "buried supermassive black holes (SMBHs)" (> 10 4 M ) residing in the center of galaxies in a cosmological distance, "intermediate-mass black holes" (10 2 -10 4 M ) acting as the possible seeds from which SMBHs grow, and "orphan stellar-mass black holes" (< 10 2 M ) without companion in our Galaxy. In addition to these missing BHs, hunting for the nature of relativistic particles at various astrophysical shocks is also in our scope. In the following section, we will shortly review each case and summarize scientific requirements.
Supermassive Black Hole: Co-evolution with their host galaxies
How many buried, heavily obscured (Compton-thick) Active Galactic Nuclei (AGNs) exist in the universe and what are their contributions to the total growth of SMBHs are key questions to establish a complete picture of AGN evolution. It is not clear whether or not Compton-thick and Compton-thin AGNs are intrinsically the same population. Theories predict that galaxies may contain Compton-thick AGNs shortly after major mergers, which are surrounded by huge amount of dust produced by the merger-driven starburst activities. 22, 23 These Compton-thick AGNs may be in rapidly growing phase of SMBHs, and hence are key objects to understand the mechanism of the galaxy-SMBH co-evolution. Ultra-luminous infrared galaxies may represent one of such populations, which are found to contain ubiquitously such obscured AGNs.
Most of present X-ray surveys were performed in energy bands below 10 keV, which are not sufficient to catch the primary emission component from Compton-thick AGNs. Although all-sky hard X-ray surveys above ∼10 keV have started to find a part of this population in the local universe, the cosmological evolution of their X-ray luminosity function (XLF) is essentially unknown. To directly unveil the cosmological evolution of Compton thick AGNs, and their contribution to the hard X-ray background (XRB), it is the only way to perform hard X-ray surveys in the energy band above 10 keV with various depths and widths, as done in the past ∼50 years at energies below 10 keV.
Based on the population synthesis model by Ueda et al. (2014) , 25 in which Compton-thick AGNs are assumed to follow the same evolution as Compton-thin AGNs, it can be predicted that an arc-minute angular resolution survey above 10 keV as NuSTAR performs would resolve ∼30% of the hard XRB into individual AGNs, providing us with new insights on Compton thick populations. Eventually, however, much deeper hard X-ray surveys, with > 10 times better sensitivities than NuSTAR, are indispensable, in order to detect AGNs that compromise ∼80% of the hard XRB. The sensitivity required is about 2-3 ×10 −15 erg cm −2 s −1 in the 10-40 keV band. The population synthesis model predicts that the fraction of Compton-thick AGNs drastically increases around this flux limit. Then, it also becomes possible to constrain the XLF of Compton thick AGNs with L X > 10 42 erg s −1 cm −2 by covering the redshift corresponding to the number-density peak inferred from the XLF of Compton-thin AGNs. 
Intermediate-mass Black Hole: Nature of ultraluminous X-ray sources
While it is believed that SMBHs gained most of their masses by accretion, the question how their "seed" black holes formed remains a big mystery. Key objects to tackle this issue are IMBHs with masses of 10 2−4 M . However, it is not solved whether or not these populations actually exist.
Ultra luminous X-ray sources (ULXs) in external galaxies with luminosities of > 10 40 erg s −1 are good candidates of IMBHs.
26 However, they may be stellar-mass black holes with ∼ 10M under supercritical accretion. To distinguish those possibilities, we need to take broad band spectra of a large sample at different luminosity levels. Previous satellites have observed only a class of the brightest ULXs due to the limitation of the sensitivity and source confusion. It is necessary to observe black hole binaries with luminosities of ∼ 10 38 erg s −1 in external galaxies within a few Mpc.
A key observation is the detection of "state transition" from the high accretion-rate states into the normal high/soft state. It is vital to cover the energy band from < 1 keV to a few tens keV, because the spectra consist of a cool disk component and a hard Comptonized component. If ULXs are black holes with a mass of 100M shining at the Eddington luminosity, they will take the high/soft state at luminosities below a few×10 38 erg s −1 . Instead, if they are 10M black holes, they remain in the very high state or bright hard sate at this luminosity level. It is easy to distinguish the two cases once we take their simultaneous broad-band spectra in these faint states.
Stellar-mass Black Hole: Missing population in our Galaxy
A massive star with the mass higher than 30 M leaves a stellar mass BH after supernova explosion. Although our Galaxy is considered to host ∼10 7 stellar mass BHs, only ∼20 BHs out of them have been observed so far. Hence, large numbers of "missing BHs" lurk without detected. A half of the BHs are expected to be isolated. Powered by the Bondi-Hoyle accretion flow, an isolated BH wandering in a molecular cloud can emit X-ray with the luminosity of
where η = 10 −3 is the radiation efficiency obtained with observations. 27, 28 An isolated BH is expected to have the same power-law spectrum with Γ ∼ 1.5 as a BH binary in the quiescent state.
Unresolved X-ray emission is known to exists along the disk of our Galaxy as Galactic Ridge X-ray Emission (GRXE). 29 It is considered that cataclysmic variables (CVs) and active binaries (ABs) are the main component of the GRXE below 10 keV. Recently, Suzaku, 30 INTEGRAL 31 and NuSTAR 32 detected a hard X-ray component above 10 keV whose spectrum with a power-law index of Γ ∼ 1.5. The hard spectrum is not explained with the thermal form of CVs or ABs. On the other hand, it is consistent with that of the faint isolated BHs as shown above. Thus, the origin of the hard component might be attributed to missing BHs. In order to resolve the hard component of the GRXE into point sources, high-angular resolution observation above 10 keV is necessary. We could investigate the formation history of the BHs by detecting isolated BHs and obtaining its spacial distribution.
Shocks at various astrophysical sites: Heating and acceleration
Shock heating and acceleration are ubiquitously seen in the Universe, and their fundamental physical processes have been recognized as one of the most important subjects to be understood in astrophysics.
It is generally accepted that Galactic cosmic-rays below the knee energy are accelerated at the shocks in supernova remnants. Although synchrotron X-ray radiation is the sensitive probe to the accelerated particles as has been demonstrated, [33] [34] [35] its study in a spatially-resolved fashion has been so far limited below 10 keV which is around synchrotron cut-off energies, hν cutoff , in typical shock parameters.
36 A spatially-resolved spectroscopy in the broad X-ray band covering above and below the hν cutoff is demanded to study the spectral curvature, variable time-scale, and spatial structure above the hν cutoff in comparison with those below hν cutoff , which will provide us with essential information on what determines the maximum energy of accelerated particles and magnetic field structure.
37
Cluster mergers are the most energetic events in the Universe since the Big Bang, through which a huge amount of their kinetic energy is transformed to gas heating and particle acceleration. Recent hard X-ray observations just started to detect a very high-temperature plasma likely due to cluster merger crucial to understand the shock condition, while detection of non-thermal emission is not conclusive.
38, 39 The X-ray background (XRB) is a major background source and its statistical and systematic uncertainties prevent further progress. High angular-resolution hard X-ray observation with low-background is thus necessary to break through this situation in order to accurately localize the merger shocks and intrinsically reduce the contribution of the XRB, thereby improving the signal-to-noise ratio of the high-temperature plasma and non-thermal component. In order to achieve the scientific objectives described above, a high sensitivity in the hard X-ray band with simultaneous broadband coverage is required. The sensitivity to point sources is generally limited by exposure time, background, and source confusion. Figure 1 shows sensitivity curves for the AGN deep survey as a function of exposure time for several angular-resolution cases as well as the Hitomi case. In this figure, background level and effective area are assumed to be comparable to those of Hitomi hard X-ray telescope and detector combination, and the standard XRB model 25 is used. In any case, sensitivity is getting better as exposure time increases, but at some point it saturates due to source confusion limit. Thus, higher angular resolution case reaches better sensitivity. Especially, in order to go down to 2-3 ×10 −15 erg cm −2 s −1 , a requirement from the AGN survey described above, the angular resolution of < 15 in HPD is necessary. FORCE has a weight of about 1 metric ton, and is planned to be launched with the Epsilon vehicle that is an ISAS/JAXA solid-fuel rocket. The satellite will be put into a circular orbit with altitude of 500-600 km and inclination angle of 31 degrees or less, which is similar to those of previous Japanese X-ray observatories. Figure 2 shows a schematic view of the satellite. FORCE carries co-aligned, three identical pairs of a supermirror with high angular resolution and a focal-plane detector with broadband response. The supermirror and the detector are separated by 10 m focal length. Such a long focal length is necessary to ensure sufficient effective area for hard X-ray focusing and requires an extendable optical bench (EOB) that can be stowed to fit in the launch fairing and deployed on-orbit. In the current design, the 10 m length is achieved by a combination of 2 m fixed optical bench (FOB) and 8 m EOB, and the mirror module is placed at the end of the EOB.
Scientific requirements

MISSION DESIGN AND SCIENCE INSTRUMENTS
The EOB design is one of the key ingredients of hard X-ray telescopes and FORCE fully utilizes the Hitomi heritages. The EOB is light-weighted so that it is not stiff enough to keep maintaining the required relative alignment between the mirror and detector. It is also vulnerable to distortions from thermal fluctuations in low-Earth orbit and satellite attitude maneuvers. Therefore, as was incorporated in Hitomi, FORCE also uses a laser metrology system to measure instantaneous deviations in the alignment of the detector plate. 40 Here we note that the movement of the focal plane image is less than 400 μm in the case of Hitomi in which the focal length of 12 m is achieved by the combination of the 6 m long FOB and EOB. 21 A star tracker is mounted along with the three X-ray mirror modules and on the same rigid plate. The temperature is also controlled to fully derive its performance. Combining the information from this system, corrections of instrument alignment and pointing directions are applied on a photon-by-photon basis and reconstructed images are retrieved on the ground. Baffling against the XRB is very important to achieve good sensitivity, especially for diffuse sources. Following the Hitomi HXI's concept, FORCE introduces comprehensive XRB shield on top of the detector, top of the main satellite body, as well as on the top-plate of the EOB. Actually, this requirement defines the large plate-size of the top-plate, as seen in Figure 2 . Table 1 summarizes key instrument parameters at this moment. High angular resolution of < 15 in the broadband of 1-80 keV characterizes this mission. These parameters are defined by the design concepts of the mirror and detector, which are described in the following sections.
X-ray supermirror based on light-weight, high-resolution silicon mirror
The mirror substrates of our X-ray supermirrors are made based on the single-crystal silicon mirror technology, which has a high potential of making light-weight, high-angular resolution X-ray optics. 41 In general, higher angular resolution is accompanied with larger mass and higher production cost. Considering our limited resource, we need to find out the best compromise among these factors. The silicon mirror can provide us with a solution for this issue. Although there are still a number of technical issues to be verified experimentally toward a flight-ready telescope, the silicon mirror with multi-layer coating is our primary choice to achieve light-weight, affordable, high angular optics. Table 2 shows the current design parameters of our telescope, which are similar to those of the Hitomi hard X-ray telescope (HXT). Figure 3 left gives the total effective area of the three FORCE mirror modules based on the design in comparison with that of the Hitomi HXT. A throughput of 0.8, a reduction factor of effective area from the design value, is assumed in this calculation. The total effective areas of FORCE and Hitomi HXT are more or less comparable with each other above 10 keV; three mirror modules in FORCE against two in the Hitomi HXT compensate the 2 m shorter focal length. FORCE has larger effective area in the soft X-ray band simply due to its larger geometrical area. Figure 3 right shows the vignetting curves of the FORCE and Hitomi telescopes at 30 keV. The FORCE's curve is steeper than that of Hitomi due to the difference of the focal length. The focal-plane detector of FORCE, wideband hybrid X-ray imager (WHXI), has the same concept as the hard X-ray imager (HXI) onboard Hitomi; Si and CdTe hybrid detector with active shield. Figure 4 left shows a schematic view of the WHXI focal plane part. Although HXI consists of four layers of double-sided Si strip detectors (DSSD) and a single layer of CdTe double-sided strip (DSD) detector, 17 WHXI replaces the four DSSD layers with a single SOI-CMOS pixel detector (SOIPIX). 42, 43 Low readout noise achievable by SOIPIX could lower the energy threshold down to 1 keV and assure a broadband energy response required to the focal-plane detector of FORCE. CCD is an established Si detector with low readout noise, but its working temperature, typically < −60
Wideband hybrid X-ray imager
• C, is too low to be placed closely together with the CdTe DSD, whose working temperature is about −20
• C, in a single camera. SOIPIX has a good time resolution, and what is more, self-trigger function so that anti-coincidence technique can be utilized, which is necessary to achieve low background. Since the mirror vignetting function has an energy dependence and provides larger field of view in lower energy band, SOIPIX covers a larger area than CdTe DSD as shown in Figure 4 left. Figure 4 right shows a quantum efficiency (QE) of WHXI. The low energy side of QE is currently limited by a dead layer of 1 μm thickness at the surface of SOIPIX. Active shield of WHXI will be made based on the Hitomi HXI heritage, which showed very low background in orbit. 17 An upgrade to make it more simpler and easy to assemble will be considered as an alternative option.
SUMMARY
We here present a concept of future Japan-led X-ray mission, FORCE. The mission is characterized by broadband (1-80 keV) X-ray imaging spectroscopy with high angular resolution (< 15 in HPD), providing about 10 times the sensitivity compared to previous missions above 10 keV. FORCE will trace the cosmic formation history by searching the missing black holes in various mass-scales, and hunt for the nature of relativistic particles at various astrophysical shocks. We are proposing this mission to be realized in the mid 2020s.
